Abstract-Thresholds of vision under low-light conditions have been studied for determining the human response to light stimuli in different contexts. Blackwell's work on thresholds of vision of the human visual system did not explore some variables whose analysis would help to characterize more deeply the visual system. This paper extends Blackwell's results exploring new dimensions of the human visual system response including chromaticity of the stimuli, mono/binocular vision, and dark adaptation. Tests have been performed on a sample of 45 observers, with a simplified laboratory setup with respect to Blackwell and without specific hardware/software, producing results in terms of visual adaptation, monocular, and binocular vision and aging effects.
I. INTRODUCTION
T HIS paper addresses the behavior of the human visual system under low-light conditions. The main purpose is to define a model able to describe and quantify the response of human eyes to stimuli with different characteristics, in terms of size, contrast, color, and to evaluate the dark adaptation during time in both binocular and monocular vision. The research conducted for military purposes by Blackwell [1] is still a point of reference for the evaluation of the contrast thresholds of the human observer. Starting from the second half of the last century, many researchers tried to extend Blackwell's work for both civilian and military purposes. These works focused on applications in the field of image processing [2] , [3] and astronomic observation [4] - [7] and increased the knowledge on the boundary conditions for human vision. The need to understand the response of the human visual system is also very compelling in humanoid robotics [8] - [10] , in the military context [11] , and in medicine [12] . Some studies [13] showed the limitations of Blackwell's scientific results and pushed researchers to analyze a set of unexplored dimensions in the study of the thresholds of vision.
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ing and improving images [14] ; in astronomic observation, in particular, visual observation, in order to better understand how very low luminance deep sky objects can be seen (eventually also their colors) [7] . In humanoid robotics, the implications can be even more significant as humanoids do not ignore the limits of the human being during the interaction, in particular in low-light conditions, for safety reasons. Interaction can entail manipulating objects [15] , [16] , but also for the future intelligent transportation systems, in which human-driven cars and autonomous cars will share the same roads [17] .
This paper is organized as follows. In Section II, the background of this study and the open issues related to the state of the art are addressed. The proposed methodology is described in Section III. In Section IV, the results are shown, and the analysis of the data through a selected feature set are presented. Conclusions are in Section V.
II. BACKGROUND
Visual thresholds represent human capability to identify a visual stimulus under specific conditions. Two of the most important typologies are the absolute threshold which quantifies the minimum amount of detectable light energy and the contrast threshold which represents the minimum difference between two luminance levels recognized as different.
Human visual thresholds are important for several purposes, such as designing human visual detection models [18] . In [19] , Hecht et al. showed that after complete dark adaption of the eyes, the minimum number of quanta needed by the visual system to distinguish a real stimuli from the signal produced spontaneously by a rod after the thermal decomposition process is between 5 and 14. However, visual thresholds are not only determined by photochemical processes in the photoreceptors [20] . In fact, the chance for the visual system to detect a weak stimulus is increased if photons are absorbed over a spatially limited region on the retina or in a short time interval. These phenomena are called spatial summation and temporal summation, respectively [21] .
For contrast thresholds analysis, since visual thresholds depend on target size, visual accommodation, and time of viewing, these factors need to be controlled during tests. When comparing contrast threshold data, it is fundamental to note if these factors are controlled homogeneously over time. The best-known set of contrast threshold data was collected by Blackwell [1] , who adopted circular stimuli of different sizes against a uniform background at different luminance levels. The observers were free to seek the stimuli for a long period of time (15 s). Fig. 1 shows the log threshold contrast as a function of log adaptation luminance and the target size from Blackwell's experiment. In [22] , a method for contrast measurement based on Blackwell's work is presented.
The results presented by Blackwell are the starting point for the work [23] .
The first element that was neglected in Blackwell's study was the chromaticity of the stimuli. The different ratios among the quantities of the three typologies of photoreceptor cells that receive the different chromatic stimuli could cause changes in the values of the thresholds depending on the color of the stimuli and on the specific observer [24] , [25] .
Another aspect not investigated is related to the differences between binocular and monocular vision. In binocular vision, the merging process that generates the perceived image starting from the images coming from the eyes affects the thresholds of vision in a different way with respect to the case of a single image perceived in monocular vision. The images perceived by two eyes can be significantly different, especially near the boundary conditions of the threshold value.
The last aspect not directly considered by Blackwell was the influence of the dark adaptation on the thresholds of vision during time. His paper stated that "the observers were allowed to adapt to the observation room brightness sufficiently long to insure stable visual performance." Since studies [20] , [26] , and [27] showed that the thresholds of vision change significantly during time for stimuli of different sizes, the Blackwell boundary condition appears restrictive if interested in the behavior during the dark adaption phase. Furthermore, the chromaticity plays an important role during the adaptation phase; in fact, cones take from 7 to 15 min to complete the adaptation phase, while rods can take up to 1 h [28] .
Finally, Blackwell did not consider in his experiments age and gender of participants.
Blackwell's experiment required a specific laboratory, with a length of 63 ft, a height of 10 ft, and width of more than 10 ft. The observers were employed full time for a period up to two and one-half years. Most of this effort can be avoided using modern technology, but there would be a need for human and material resources.
Therefore, it seems promising to replicate Blackwell's experiments, with a different sample and with a simplified laboratory setup without specific hardware/software and accounting for neglected variables like chromaticity, mono/binocular vision, and dark adaptation.
III. METHODS
In order to replicate the results obtained by Blackwell and to extend them to the new dimensions of the problem, a new test procedure was designed and applied. The psychophysical nature of the experiment required the adoption of modern instruments to keep the conditions in the test room under control. The procedure traded feasibility of the experiment with the need to produce a dataset containing new and meaningful information about the thresholds of vision.
A. Beyond Blackwell's Experiment
The core result of Blackwell's experiment is in Fig. 1 The chart describes the behavior of the threshold of vision as a function of the ambient light and of the size of the stimulus. The repetition of these tests with just five to six discrete levels for each variable would require the adoption of a test sequence with more than a hundred stimuli. This number increases exponentially if extra dimensions are added to the test procedure. This test would be unfeasible for a sample consisting of volunteer observers. Therefore, in order to explore new dimensions of the problem starting from Blackwell's approach, it was necessary to make choices that restricted the range of the basic variables while maintaining data consistency.
In this scenario, one constraint was the ambient light (background light) which was set to a value of 22 magnitudes per square arc-second (mag/arcsec 2 ). This value represents a standard in astronomic observations and reproduces the conditions of the night sky far from urban centers [5] . This choice focuses the experimental activity on the thresholds of night vision and supports other variables, thus allowing a greater number of levels and repetitions of the test. Furthermore, the data obtained in the case of achromatic stimuli can be used for a consistency check with the Blackwell's curve derived for the same value of background light.
For the two main parts of Blackwell's experiment, data are also interpolated in a way that can be partially compared with our experiments, with figures having contrast and visual angle on the axes. Even if Blackwell does not have data for a stimulus area greater than six degrees, it is possible to compare achromatic data from the last part of our experiment.
B. Independent Variables
In order to evaluate the whole dynamic of the dark adaptation (which requires at least 7-15 min) and to assess the response to chromatic stimuli without overloading the observer, the duration of the test procedure was set at about 30 min.
The first dimension of interest was the chromaticity: the three primary components (red, green, and blue) were tested together with the achromatic stimulus also analyzed in Blackwell's experiment. The need to keep the number of stimuli sizes low while preserving the possibility of testing the response of the human eye against a significant set of sizes of the stimulus led to the identification of three sizes. In order to verify the visual adaptation in the borderline cases, the smallest and the biggest sizes were set at the respective values of 2
• and 20
• and the intermediate value of 5
• also employed. For the identification of the values of levels for the contrast, the lower and upper bounds were taken from Blackwell's experiment, but the step between the levels was set to the value 0.25, thus determining only four contrast levels: 1, 0.75, 0.5, 0.25. In order to decrease the number of stimuli presented to the observers, the circular stimulus was replaced with capital letters from the Latin alphabet, similar to the ones used by ophthalmologists to measure the degree of myopia. This modification to Blackwell's test procedure reduced the number of false positives, avoiding the introduction of specific repetition sequences to verify the reliability of the observations. During the preliminary phase of his experiment, Blackwell set the duration of the stimulus to 6 s, claiming that value as the mean duration of a military screening. From the analysis of the obtained results, this value was considered too low and was extended to 15 s. In the work presented in this paper, a time lapse of 10 s was adopted as a tradeoff between the estimation made by Blackwell's crew and the need for a faster test procedure. Adopting this duration for the stimuli and considering all combinations for the values of the other variables, the duration of a single sequence was estimated to be 8 min. With four repetitions, one can estimate the behavior of the human visual system in terms of thresholds of night vision as a function of the time with a test session lasting 32 min. Finally, the evaluation of the differences between binocular and monocular vision was achieved by splitting the sample into two groups with same numbers of observers and similar features.
The final test procedure and experimental design included the following:
1) background light set at 22 mag/arcsec 2 ; 2) four chromatic configurations: achromatic, red, green, and blue; 3) three sizes: 2
• , 5
• , and 20
• ; 4) four contrast levels: 1, 0.75, 0.5, 0.25; 5) 10-s duration for the stimuli, composing a single sequence of 8 min; 6) four temporal repetitions; 7) adoption of alphabet letters instead of circular stimuli (no double check repetition); 8) sample split into equal parts between monocular and binocular.
C. Instrumentation and Setup
The following hardware configuration was used: 1) Laptop: Apple Macbook Pro 17"; 2) Photographic filters: the specific model adopted (B+W ND3.0-1000x (110) 67 E (66720)) was able to reduce the portion of the incident light at each wavelength to 0.1%; 3) Exposure meter: SQM Sky Quality Meter [5] . In order to achieve a very dark lightning condition, equal to 22 mag/arcsec 2 , the room had no windows. The door-post was shielded to further reduce the effects of external light sources. The stimuli were displayed on the LCD display of the laptop that was placed on a table. Since the back-light of the display had an emissivity higher than 22 mag/arcsec 2 , even in conditions of black background and minimum brightness, a pair of photographic filters were adopted to reduce the amount of light coming from the projection of the stimuli. The filters were firmly attached to a rigid structure in order to serve as glasses for the observers (see Fig. 2 ). The desired lighting condition of 22 mag/arcsec 2 was achieved using the technique adopted in [5] . 1) Every source of light (door-post, indicator lights, keyboard back-light) except from the display of the laptop was shielded by black tape. 2) A slide with black background (red, green, and blue components equal to zero) was projected on the screen. 3) An exposure meter was placed behind one of the photographic filters adopted for filtering the back-light of the display. 4) The amount of light was measured with the exposure meter through different sessions composed of ten measurements varying the level of brightness of the back-light for each measurement session. 5) The value of brightness which yielded the measurements shown in Table I was selected as the reference value for the desired lightning condition. Similarly, the procedure described was applied to estimate the value of the RGB components to achieve the proper contrast levels of values 1, 0.75, 0.5, and 0.25. Keeping constant the brightness of the back-light, four slides were set up: one for the achromatic stimulus (same values for the RGB components), one for the red stimulus (green and blue components set to zero), one for the green stimulus (red and blue components set to zero), and one for the blue stimulus (red and green components set to zero). In order to measure the correct values of brightness associated to the desired contrast levels and then to determine the associated RGB components, the values provided by the exposure meter were converted in the linear scale cd/m 2 through (1) (see [7] ) L = 10 0.4(12.59−S ) (1) and the inverse (2)
where L is the luminance value expressed in cd/m 2 , and S is the luminance expressed in mag/arcsec 2 . Following Blackwell's methodology, a conversion table (see Table II ) between the two units was determined adopting Weber's definition of contrast given by the following equation:
where C is the contrast, B 0 is the brightness of the screen, and B s is the brightness of the stimulus. Given the desired contrast level (from 1 to 0.25) and given B 0 [1.722 × 10 −4 cd/m 2 , corresponding to 22 mag/arcsec 2 using (1)], for each contrast level, the value of B s has been computed using (3) ; results are in the column labeled L in Table II .
The value of brightness in cd/m 2 has an order of magnitude of 10 −4 for each stimulus (see Table II ). This fact implies that the observers were in the field of scotopic vision in which the human eyes exploit only the rods and are not able to properly discriminate colors.
Given the values of column labeled S in Table II , obtained using the values in column L of Table II and (2), and keeping fixed the back-light of the LCD to the same value obtained for the measurement of black screen, the values of the RGB components were set to achieve the desired values of brightness, as reported in column S of Table II (measuring brightness mag/arcsec 2 with exposure meter).
The values for the RGB components obtained through this procedure are shown in Table III , where the components are represented using 8 bits. The values determined this way were then exploited as RGB colors of the characters shown during the test procedure, in order to study the chromaticity of the stimuli, not analyzed in Blackwell's work. 
D. Testing Methodology
In order to fix the position of the photographic filters, a rigid box was arranged in front of the laptop. Two circular silhouettes of the size of the filters were cut out from the box and the filters were embedded in the holes and fixed. One of the silhouettes was used to cover the corresponding hole in the case of monocular test. The box was oriented in such a way that its side walls protected the observer from direct light coming from the display. The box was firmly fixed to the table. Then, the laptop was positioned so that the center of the screen had the same height as the midpoint of the line connecting the centers of filters and the plane of the screen was parallel to the plane of the lenses of the filters. The configuration is shown in Fig. 2 .
A font with same width and height was adopted for the projection of the stimuli. A letter with dimension equal to the vertical size of the screen was taken as reference for the projection of the biggest stimuli (20 • ), and its height was measured (215 mm). In order to determine the distance between the laptop and the filters, the following equation was used:
where h esteem is the height of the biggest stimuli, and d is the distance between the laptop and the filters, which guarantees an angle of view of 20
• . The distance obtained substituting 215 mm to h esteem was about 58 cm. In order to project the stimuli corresponding to 5
• and 2
• , the size of the font was proportionally reduced.
Each observer was introduced in the experiment room with artificial light and was instructed about the test procedure. Demographic data including name, age, gender, and visual defects were collected before the projection of the stimuli. These steps controlled the initial conditions of the observers' vision. This procedure partially balanced the boundary condition of light adaptation of all observers. After this preparatory phase, the actual test procedure and the registration of the experimental data started. During the experimental phase, the test procedure was repeated 50 times by 45 volunteer observers. Five individuals completed both the monocular and the binocular tests to better determine the effects of monocular vision on the thresholds. The sample was subdivided into three groups: 20 observers for the monocular test, 20 observers for the binocular test, and five observers for both tests (monobinocular sample).
Since the number of the tests was not comparable (the number of observers is anyway similar) with the one available for Blackwell's experiment, the sampling was performed following specific criteria like age or gender.
The 25 binocular observers were divided by age and gender, where number of observers under the age threshold of 35 was overrepresented compared with the general population. For the monocular test sample, the goal was to find a similar structure in the demographic distribution as compared with the binocular test (except the five observers in common). Tables IV and V report demographic details.
IV. EXPERIMENTAL RESULTS

A. Feature Set
The visual performance of each observer was evaluated through a set of features (see Table VI ) extracted from the data collected. Each feature quantifies a specific aspect of the visual system. The value obtained for each feature is compared with the average value obtained under the same conditions. The major challenge was the identification of a set of dimensions able to describe the characteristics of the visual system of each individual and to highlight common features.
The main indicator of the visual acuity is the total number of stimuli correctly recognized. Taking into account the different Number of achromatic stimuli correctly recognized in the first 10' Last 10' Number of achromatic stimuli correctly recognized in the last 10' RTT Red-to-total ratio FTL First-to-last 10' ratio TTL Total-to-last 10' ratio responses of the visual system to stimuli of different chromaticity, the number of red stimuli correctly recognized is included in the feature set due to interparticipated variability. The third feature is the number of stimuli correctly recognized for the size of 2 • , which has been identified as the most discriminative size, given the high percentage of stimuli correctly recognized for the sizes of 20
• and 5
• . The fourth feature is the number of stimuli correctly recognized at the lowest level of contrast (equal to 0.25), which showed the greatest variability in the test results. To evaluate the temporal evolution of the thresholds of vision, the number of stimuli correctly recognized in the first 10' and in the last 10' are considered. The ability in adapting to the dark can be evaluated accurately monitoring the ratio between values for the first and the last 10'.
The absolute value of stimuli correctly recognized cannot always be exploited to evaluate the visual acuity especially when external factors unevenly influence the observers. For example, during sunny days, the glare to which the observers were exposed before the test may have influenced the speed of adaptation during the test session. In order to isolate the effect of such factors, some features based on ratios among the previous indicators have been taken into account. The first additional feature estimated was the red-to-total ratio, which is the ratio between the number of red stimuli correctly recognized and the total number of stimuli correctly recognized. The second indicator is the first-to-last 10' ratio which evaluates the speed of adaptation of the human visual system to the dark and is calculated by the ratio between the number of stimuli correctly recognized in the first 10' and the number of stimuli correctly recognized in last 10'. Since in the last 10' the visual responses of the observers behaved in very similar ways, a third indicator, the total-to-last 10' ratio, has been defined. This feature defines how good was the performance achieved in the first 10' of the test, compared with the results achieved under the more stable conditions of the final part.
Data collected for each observer were aggregated according to sociodemographic characteristics (in particular with respect to age) and to the specific test (binocular or monocular), in order to highlight new relationships between the variables involved and to understand the effect of the different conditions on the visual system.
B. Visual Adaptation
Since the duration of a single test sequence was 8 min, the data extracted in the scope of the same sequence were not comparable because the visual adaptation already started. This phenomenon was particularly noticeable in the first sequence where stimuli with level of contrast 1 (from 0' to 2') were correctly recognized much less frequently than stimuli with level of contrast 0.25 (from 6' to 8'). In order to address these inconsistencies, a specific data elaboration model was adopted.
The incorrect identification of a stimulus for a given level of contrast (for example, of 0.75) should imply the incorrect identification of all stimuli of lower contrast (0.5 and 0.25). As mentioned, this statement is not consistent with the results obtained, since the stimuli of different levels were presented to subjects at different times. Therefore, to analyze the visual adaptation, a function maps the percentage of stimuli correctly identified to the corresponding threshold of contrast, taking into account the temporal distances between the different stimuli.
The basic idea was to bind all the data extracted from a sequence of 8' to the central value in the time axis so that the threshold curves would have only four values, estimated at times 4', 12', 20', and 28'. For each dimension of the dataset, the total number of stimuli correctly identified has been estimated considering each test sequence, thus obtaining four percentages between 0% and 100% representing the threshold of vision. In order to map these values to the proper value of thresholds, some assumptions have been made. 1) If 25% of the total stimuli has been correctly identified, it is likely that only the stimuli associated with the contrast level 1 have been correctly identified; in this case, the threshold of contrast is 1. 2) If 50% of the total stimuli has been correctly identified, it is likely that only the stimuli associated with the contrast levels 1 and 0.75 have been correctly identified; in this case, the threshold of contrast is 0.75. 3) If 75% of the total stimuli has been correctly identified, it is likely that only the stimuli associated with the contrast levels 1, 0.75 and 0.5 have been correctly identified; in this case, the threshold of contrast is 0.5. 4) If 100% of the total stimuli has been correctly identified, the threshold of contrast is less than or equal to 0.25. Starting from these assumption and linearizing the intermediate cases, an evaluation function estimates the threshold of contrast starting from the percentage of stimuli correctly identified:
where p is the percentage of stimuli correctly identified, and t is the threshold of contrast associated with the specific value of p. The model, represented by (5), has some limitations due to the small number of contrast levels considered during the test phase. In fact, values of p equal to 0 or 1 imply threshold of contrast equal to 1.25 and 0.25, but in the real case, the threshold could be, respectively, higher (case of p = 0) of lower (case of p = 1). Nevertheless, (5) provides a consistent tool to estimate the behavior of the threshold of contrast as a function of time.
The linear relationship between the contrast threshold and the percentage of stimuli correctly identified has been assumed since the visual adaptation to darkness (given the minutes in darkness) can be approximated as linear during the period of 8 min. See also the correspondence of the behavior of Figs. 3 and 4 with the standard behavior reported for the dark adaptation measured for different size test spots [28] . This figure shows a trend similar to the one presented by in [28] , but with some differences. In the last minutes the three curves are very close, unlike in [28] . This result requires some considerations about the behavior of the contrast as a function of the chromaticity to be justified (see Fig. 4 ). The flat trend in the final part of the curves corresponding to sizes 5
• , respectively around the contrast values of 0.5 and 0.4, is due to the fact that all the chromatic components reached at that time the minimum contrast value of 0.25, except the red component. This behavior is due to the choice of a limited number of contrast levels which force the curves for white, blue, and green stimuli to approach the same value of 0.25 in the last sequence of the test. If further contrast levels, lower than the minimum considered, would be added, the stimuli with size 2
• may be recognized with much less probability. In this case, the chart would have reflected the expected trend, according to which the curves should mutually diverge in the final part.
The influence of chromaticity is negligible except in the case of red stimuli. In fact, in the average case, the white stimuli are slightly less visible than blue and green stimuli as shown in Fig. 4 , where the white curve is above the blue and green curves. In the figures, W is for white, while R, G, and B are for colors. However, this is a secondary effect compared with the response of the visual system during the observation of red stimuli. For this chromatic component, the curves decrease to levels of contrast that greatly exceed the corresponding curves of other chromatic configurations. This fact is verified for each size of the stimuli (see Fig. 5 ). In fact, red stimuli of 20
• are less visible than stimuli of other chromatic configurations for every size tested, and red stimuli of 2
• are invisible for almost all observers. This result confirms the studies about the visibility of red light under scotopic conditions, which were carried out by Purkinje [29] .
C. Monocular Versus Binocular
In this section, the differences between the visual responses in the binocular and monocular cases are evaluated. Physiological studies [30] - [32] have proved that the human visual system is able to perform a synthesis process between stimuli coming from the same source that reaches the two eyes at close instants of time, in a similar way to what happens in the auditory system (stereoscopic effect). In the monocular test, the observers mix the image coming from the nonoccluded eye, with a black image coming from the occluded one. This process has the overall effect of damaging the threshold of vision in the monocular case. For this reason, it is reasonable to assume that the threshold curves for the monocular case should lie above those estimated for the binocular case, and that each indicator used to measure the visual performance in the monocular tests should be lower.
The first method of analysis is based on curves for the feature comparison. In principle, since the stimuli are averaged with a black image coming from the other eye, each threshold of contrast should be modified with respect to the binocular case. Furthermore, the value of each absolute indicator of the feature set should be much lower. As shown in Fig. 6 , the theoretical behavior is supported not completely by the results of the test: In fact, the reduction of the value is verified for the Red and, consequently, for the RTT. For the F10' and for the FTL, the trend is partially reversed and the chart shows a slight increase in the mean values. For the other features, the differences are negligible. In addition, in this case, the unexpected results are due to the low number of contrast levels selected for the test. As shown in Fig. 7 , each pair of curves, representing the threshold as a function of time for each chromatic configuration in the case of monocular test (dashed curve) and binocular test (continuous curve), shows that the threshold levels for the two cases start at the same value of contrast and then diverge between 12' and 20'. However, after 20', the red curves keep diverging, whereas the other pairs of curves join again at the minimum contrast value of 0.25. The Red feature is a more meaningful indicator for the comparison of the visual response in the cases of monocular and binocular vision. Fig. 8 shows the visual adaptation for each size of the stimuli for the monocular and the binocular cases. The major factor that determines the different levels of the binocular curves is the percentage of red stimuli correctly identified for each size (see Fig. 5 ). However, in the binocular case, the threshold is almost stable between 20' and 28', whereas in the monocular case, the trend of curves during the same interval of time follows the trend registered in the period between 12' and 20'. This is due to the fact that, in the monocular case, the reduced percentage of stimuli correctly identified keeps the thresholds far from the minimum value of contrast (0.25) pushing the curves away from the saturation zone. Fig. 9 shows the behavior of the monobinocular sample for the two cases. For this sample of five observers, the binocular test has been performed two weeks before the monocular test by the same observers, in order to isolate the factors due to the specific characteristics of the individuals of the sample. The number of stimuli correctly identified for each feature decreases for the monocular test.
D. Effect of Age
The ability to perceive extremely small details, the speed of dark adaptation, and the contrast sensitivity decreases with age [33] due to loss of neurons in the optical tracts, to the alterations of the pupils and to lower ocular transmittance caused by crystalline lens opacity. For those aged 60, the amount of ambient light required for reading is three times that needed for subjects aged 20 [33] . In order to isolate the age factor and to analyze its effect on the threshold of vision, two groups were identified: one composed of subjects aged 20 or less, and the other one composed of subjects over 50. The two subsamples were balanced both in terms of cardinality (14 and 15 individuals, respectively) and in terms of number of binocular and monocular observers. . Surprisingly, the lower contrast sensitivity in aged observers, which was the cause of red-blindness, had a lower impact on the threshold for the stimuli of level of contrast 0.25. This fact is a further evidence that, for the stimuli of chromaticity different from red, the thresholds estimated for the level of contrast 0.25 are not the real threshold of vision, especially for the first repetitions. Fig. 10 also highlights the different pace in dark adaptation between the two subsamples. While the percentages of stimuli correctly identified in the last 10' are very close, the distance between the percentages of stimuli correctly identified in the first 10' is considerable. This fact confirms the reduced adaptation to the dark as the age increases.
The third remarkable distinction between the results obtained for two subsamples is related to the stimuli of 2
• , probably due to the decrease of performance in the perception of fine details with increasing age. Fig. 11 shows the different thresholds of vision as a function of the size of the stimulus and of the age. Although the trend of the last part of the different curves is strongly influenced by the choice of contrast levels and by the presence of red stimuli (hardly visible in the case of 2
• stimuli), the threshold for smaller stimuli determines a clear distinction between the observers under 20 and over 50. Fig. 12 shows the threshold of vision for the different chromatic configurations considered. The chromatic configurations that are not red exhibit similar behaviors although the W (white) curves are placed slightly above those for green and blue.
V. CONCLUSION
This paper extends results on the thresholds of vision based on Blackwell's methodology. The experiments take into account the chromaticity of the light source, mono/binocular vision, dark adaptation, and age. The results confirm Blackwell's conclusion on thresholds of vision in dark environment. The results also confirm the conclusions in [29] about reduced visibility of red stimuli in scotopic vision.
However, this study also showed new and interesting results. The difference between monocular and binocular vision has been proved to be rather limited. This fact supports the hypothesis that stereoscopic vision does not significantly affect the threshold of vision. Another striking aspect of the results is the almost total blindness of older observers to red stimuli, which also contributes to the weak dark adaptation.
With respect to Blackwell's work, it is important to emphasize main differences. Blackwell's experiment required a considerable effort in terms of human resources, not available in this case. Using an experimental setup easy to be reproduced, a larger number of conditions was tested. In addition, the number of volunteers is much greater (45 toward 19) , with a particular attention to the distribution in terms of gender and age.
The results indicate that it is very important to consider the age of the human being (e.g., in humanoid robotics autonomous cars in low light in roads shared with humans driving cars), while, at least in low light, stereoscopy can be considered less important. In low-light photography, similar considerations could be given, e.g., for aesthetic analysis of images; tone mapping could be used to make an image taken during the day as shot during the night, considering peculiarities seen in present experiments.
For future work, further levels of contrast can be added to the test plan in order to improve the discrimination among the curves extracted for each chromatic configuration and also between monocular and binocular vision. Furthermore, the application of the test procedure to an even broader sample can help to highlight new relationships among the demographic characteristics and can also further improve the extent of the results.
